al., 2002). Zizimin1 shares sequence similarity with CDM proteins in two specific regions: CZH1 and CZH2 (Fig. 1) . The CZH2 domain (also called the DOCKER or DHR2 domain) is the new GEF domain.
Structure and subfamilies
Database homology searches using zizimin1 and Dock180 reveal that they are members of a novel family present in a wide variety of eukaryotes that we refer to as the CZH proteins (Fig. 1 , Table 1, Table 2 ). CZH proteins are large polypeptides that have 1800 to >3100 residues. Most members identified have both CZH1 and CZH2 domains, the CZH1 domain always preceding the CZH2 domain (Fig. 1) . The exceptions are CZH proteins in budding yeasts and the Dictyostelium protein DdDocC, which have just the CZH2 domain (Fig. 1) . The two domains might therefore be functionally linked and, indeed, our data indicate that the zizimin1 CZH1 domain binds to the CZH2 domain and inhibits the interaction with Cdc42 (N. M. et al., unpublished) . Note that the phylogenetic trees constructed by comparison of CZH1 and CZH2 sequences are similar (Fig. 2) . This argues that the CZH1 and CZH2 domains have generally not moved laterally between proteins during evolution but have changed gradually in the context of fulllength proteins. The Dock180 CZH1 domain was recently shown to bind phosphatidylinositol (3,4,5)-trisphosphate [PtdIns(3, 4, 5) P 3 ] and mediate targeting of Dock180 to the leading edge (Cote et al., 2005) . Dock180 might therefore utilize its CZH2 and CZH1 domains to mediate Rac activation downstream of phosphoinositide 3-kinase (PI3K) in directed cell migration.
On the basis of domain structure, sequence similarity and phylogenetic analysis, the CZH family of proteins can be divided into four subfamilies. Almost all CZH proteins can be broadly categorized as either zizimin-related or Dock180-related proteins, because most of their sequences outside the CZH1 and CZH2 domains have similarity to one of these two proteins (Fig. 1) . The zizimin-and Dock180-related proteins can each be further divided, resulting in four subfamilies: the zizimin, zir (for 'zizimin-related'), Dock180 and Dock4 proteins (Figs 1 and 2, Table 1 ). Proteins within these subfamilies exhibit 50-65% identity in amino acid sequence. Cote and Vuori, 2002; Fukui et al., 2001; [31377468] in hematopoietic cells; Nishihara, 1999; Nishihara et al., 1999; Nishihara et al., 2002b;  lacks proline-rich Multiple alignments were built using the CLUSTALW program and the distances between all pairs of sequences in the multiple alignment were determined (Thompson et al., 1994) . Phylogenetic trees were generated using the neighbor-joining method (Saitou and Nei, 1987) and trees were drawn using the TREEVIEW program (Page, 1996) . Bar, 0.1 nucleotide substitutions per site. At, Arabidopsis thaliana; Ce, Caenorhabditis elegans; Dd, Dictyostelium discoideum; Dm, Drosophila melanogaster; Hs, Homo sapiens; Sc, Saccharomyces cerevisiae.
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Proteins from the zizimin subfamily have a pleckstrinhomology (PH) domain close to the N-terminus. PH domains have been implicated in targeting of proteins to membranes and in protein-protein interactions (Lemmon and Ferguson, 2000) . Preliminary results indicate that the PH domain also targets zizimin 1 to membranes (N.M., M. R. Westbrook and M. A. Schwartz, unpublished) . Zizimin proteins exist predominantly as dimers and the Dock180 proteins are likely to dimerize as well (Meller et al., 2004; Yin et al., 2004) . Although the zir proteins lack a PH domain, they show ~30% identity to zizimin proteins along most of their sequence. Dock180 and Dock4 proteins have an N-terminal Src homology 3 (SH3) domain and divergent C-termini containing proline-rich motifs that bind SH3 domains to mediate intra-or inter-molecular protein interactions (Mayer, 2001) . The Dock180/Dock4 subfamilies are more closely related to each other compared with the zizimin/zir proteins, sharing a similar domain structure and 40% sequence identity.
The CZH2 domain: a novel GEF domain GEF activity and selectivity for Rho protein subfamilies Three distinct observations link the CZH2 domain to activation of Rho proteins. First, deletion or mutation of this domain abolishes GTPase activation by CZH proteins in cells (Brugnera et al., 2002; Meller et al., 2002; Namekata et al., 2004) . Second, bacterially expressed CZH2 domains from zizimin1 or Dock180 proteins bind to bacterially expressed nf Rho-family GTPases, which indicates that the interaction is direct (Brugnera et al., 2002; Cote and Vuori, 2002; Meller et al., 2002) . Third, CZH2 domains can catalyze nucleotide release from Rho GTPases in vitro (Cote and Vuori, 2002) .
The selectivities of different CZH proteins for Rho-family GTPases, in cells and in vitro, have been tested in binding and GTPase-activation assays. The substrates for the Dock180 and Dock4 subfamilies are Rac proteins; zizimin 1 and zizimin 2 interact selectively with Cdc42; and the substrates for zizimin 3 and zir proteins remain to be identified (Table 1) .
Structure of the CZH2 domain
Although the exact boundaries of the CZH2 domain remain to be determined, it is clearly very large, containing 450-550 residues (DH domains contain only ~180 residues). The sequence conservation shared by CZH2 domains is low: there is 16-17% identity in amino acid sequence between the zizimin1 and Dock180/Dock4 proteins (see supplementary material Fig. S1 ). This is comparable with DH domains, which share 19-29% sequence identity. Despite this, the threedimensional structures of different DH domains are very similar (Schmidt and Hall, 2002) and this could also be the case for CZH2 domains. The Salmonella typhimurium SopE protein is another example of a GEF for Rho proteins that bears no DH domain (Buchwald et al., 2002; Hardt et al., 1998; Rudolph et al., 1999; Schlumberger et al., 2003) . Note that there is no sequence homology between CZH2 domains and the SopE GEF domain.
Zizimin1 dimerizes through its CZH2 domain. Each dimer has two individual Cdc42-binding sites, and kinetic measurements have demonstrated increased binding affinity for Cdc42 at higher Cdc42 concentrations (Meller et al., 2004 ). This suggests positive cooperativity in which binding of Cdc42 to one site increases the affinity of the second site. It may represent a mechanism for regulation of GEF activity by the local GTPase concentration.
Multiple alignment of CZH2 domain sequences (see supplementary material Fig. S1 ) reveals stretches of similarity between the Dock180-and zizimin-related proteins along most of the domain, and the predicted secondary structures are mostly similar. Yet, there is also large variability, and the conserved areas are separated by non-conserved stretches that vary substantially in length between the two groups. Therefore, although the general functions of the CZH2 domains in the Dock180-and zizimin-related proteins are similar, some aspects of the mechanism may differ significantly.
ELMO: a Dock180 cofactor
Genetic studies in C. elegans have identified the CED-12/ELMO protein as an important component upstream of Rac in signaling pathways in which Rac is activated by Dock180 (Gumienny et al., 2001; Wu and Horvitz, 1998; Zhou et al., 2001) . ELMO is a ~700 residues protein characterized by Armadillo repeats in its N-terminal half and PH domain, and a proline-rich motif toward the C-terminus Gumienny et al., 2001; Wu and Horvitz, 1998; Zhou et al., 2001) . Although ELMO itself cannot interact with Rac, it substantially enhances Rac activation by Dock180. Indeed, ELMO and Dock180 proteins associate directly in mammals, worms and flies (Brugnera et al., 2002; Gumienny et al., 2001; Ishimaru et al., 2004; Zhou et al., 2001 ). The C-terminal part of ELMO is sufficient to support Rac activation by Dock180 , and engages in at least three different interactions with Dock180: (1) the ELMO proline-rich motif interacts with the Dock180 SH3 domain; (2) the ELMO PH domain interacts with the nf-Rac-Dock180-CZH2 domain complex; and (3) elements within the last 100 residues of ELMO (distinct from the proline-rich motif) interact with elements within the first 357 residues of Dock180 (distinct from the SH3 domain) Lu et al., 2005; Sanui et al., 2003b) . The N-terminal part of ELMO mediates its targeting to the cell membrane Grimsley et al., 2004) . The ELMO-Dock180 interaction is required for Dock180-mediated Rac activation, cell migration and phagocytosis (Brugnera et al., 2002; Debakker et al., 2004; Grimsley et al., 2004; Gumienny et al., 2001; Katoh and Negishi, 2003; Lu et al., 2004; Sanui et al., 2003b; Wu et al., 2001; Zhou et al., 2001) .
Three of the five mammalian Dock180-related proteins tested so far interact with ELMO. This suggests that regulation by ELMO is a general feature of the Dock180-related proteins Janardhan et al., 2004; Sanui et al., 2003b) . Zizimin-related proteins have no similarity to the Nterminal part of Dock180, which mediates ELMO binding, and therefore may not interact with ELMO.
Mammals have three ELMO proteins (ELMO1, ELMO2, ELMO3), of which two have so far been shown to interact with Dock180 proteins Gumienny et al., 2001; Katoh and Negishi, 2003; Sanui et al., 2003b) . ELMO regulates Dock180 function by several means. By binding to active RhoG, which resides at the cell membrane, ELMO can target Dock180 to the cell membrane, leading to Rac activation Katoh and Negishi, 2003) . Alternatively, the ELMO PH domain can bind to and stabilize the nf-Rac-CZH2 complex . Another mechanism involves the ELMO proline-rich motif. This relieves a steric inhibition within Dock180, in which the SH3 domain interacts with the CZH2 domain to block binding of Rac (Lu et al., 2005) . Binding of ELMO to the SH3 domain disrupts the interaction, allowing Rac access. Experiments with Dock2 and Dock4 indicate that this mechanism might be common to the SH3-bearing Dock180-related proteins (Lu et al., 2005) . Dock180 and ELMO have been proposed to function as a bipartite GEF, and indeed the ELMO PH domain stabilizes the nf-Rac-Dock180-CZH2 complex (Brugnera et al., 2002; . However, it is not clear whether, within the ternary complex, ELMO contacts Rac directly or acts by stabilizing a Dock180 conformation favorable for Rac binding. Dock180 mutants that do not bind ELMO possess GEF activity (Cote and Vuori, 2002; Lu et al., 2005) , which suggests that ELMO in fact merely acts as a Dock180 cofactor and the mechanism for nucleotide exchange is in Dock180 per se.
Signal transduction by CZH proteins Dock180 and its orthologs
Cell migration Studies in mammalian cell lines suggest that Dock180 mediates activation of Rac by integrins during cell spreading and migration (Fig. 3) . Binding of integrins to fibronectin (FN) leads to activation of the tyrosine kinases Src and FAK and subsequent phosphorylation of the adaptor protein p130 CAS . In turn, p130 CAS binds to the Crk SH2 domain, which plays an important role in migration in many cellular contexts (Cary et al., 1998; Gu et al., 2001; Honda et al., 1999; Klemke et al., 1998; Li et al., 2003; Playford and Schaller, 2004; Takino et al., 2003) . Adhesion to FN also induces binding of the Dock180 proline-rich motif to the Crk N-terminal SH3 domain, leading to formation of a Dock180-Crk-p130 CAS complex, and this can recruit Dock180 to focal adhesions (Kiyokawa et al., 1998b) . Accordingly, overexpression of these three proteins augments Rac activation, cell spreading and migration (Cheresh et al., 1999; Kiyokawa et al., 1998a; Kiyokawa et al., 1998b) , whereas mutations in the Crk SH3 domain that abolish binding of Dock180 inhibit activation of Rac by integrins and cell migration (Gu et al., 2001; Li et al., 2003) . Additionally, a dominant-negative Dock180 mutant, or knocking down Dock180 expression, inhibits Rac activation, migration and cell spreading on FN (Cote et al., 2005; Katoh and Negishi, 2003) . Although early studies described CrkII as a component of this pathway, a more recent study indicates that a related protein, CrkL, might also be involved (Li et al., 2003) . Note also that, in other studies, the Dock180 prolinerich motif needed for binding to the Crk SH3 domain appeared not to be required for induction of random cell migration , and interactions between Dock180 and Crk proteins that are independent of the proline-rich motif were also documented (Kiyokawa et al., 1998b; Nishihara et al., 2002a) .
Laminin-10/11, vitronectin and possibly collagen also induce cell migration and Rac activation through the Dock180-Crk-p130
CAS complex, which indicates that multiple integrins utilize this signaling pathway (Cheresh et al., 1999; Gu et al., 2001; Wu et al., 2005) . Dock180 might also be linked to integrin signaling through paxillin, which binds to Dock180, probably through Crk (Valles et al., 2004) . Furthermore, in response to lysophosphatidic acid (LPA), Rac can be activated by Rho through its effector mDia1. The Dock180-Crk-p130 CAS complex is implicated in this pathway. Growth factors might therefore also utilize this signaling complex (Tsuji et al., 2002) (Fig. 3) . Dock180 proteins in Drosophila also regulate migration processes. The myoblast city (Mbc) mutants display defects in border cell migration during oogenesis and migration of epidermal cells that result in incomplete dorsal closure during embryogenesis and incomplete thorax closure during metamorphosis (Duchek et al., 2001; Erickson et al., 1997; Ishimaru et al., 2004; Nolan et al., 1998) . The migration of border cells is guided by the platelet-derived growth factor (PDGF)/vascular endothelial growth factor (VEGF) receptor ligand PVF in an Mbc-dependent but PI3K-independent manner (Duchek et al., 2001) . The PDGF/VEGF receptor also regulates thorax closure, and Crk, ELMO, Mbc, Rac and JNK are all implicated in this pathway (Ishimaru et al., 2004) .
Engulfment
Integrins also mediate engulfment of apoptotic cells or bacteria, and Dock180 is likely to play a role in this process (Fig. 3) . Engulfment of apoptotic cells driven by ␣v␤5 integrins depends on FAK, which associates with the cytoplasmic tail of ␤5 and induces Rac activation through Dock180-Crk-p130 CAS (Akakura et al., 2004; Albert et al., 2000; Wu et al., 2005 ). An additional receptor for apoptotic cells, the tyrosine kinase Mer, is involved in the process probably through activation of a Src-family kinase, which activates FAK (Wu et al., 2005) . Engulfment of bacteria by mammalian cells expressing ␤1 integrins, which bind to the bacterial protein invasin, is likely to involve Dock180 as well (Gustavsson et al., 2004; Wong and Isberg, 2005) .
Genetic studies have demonstrated that regulation of cell engulfment (and migration) processes by Dock180, Crk and ELMO proteins is conserved in C. elegans (reviewed by Blelloch et al., 1999; Grimsley and Ravichandran, 2003; Lehmann, 2001; Reddien and Horvitz, 2004) .
The RhoG connection Dock180 can also mediate Rac activation downstream of the small GTPase RhoG (see above). This pathway may mediate integrin-induced Rac activation, cell migration, phagocytosis and nerve growth factor (NGF)-induced neurite outgrowth Grimsley et al., 2004; Katoh and Negishi, 2003) . The RhoG and Crk pathways might be connected, since Crk, Dock180 and ELMO can form a ternary complex (Gumienny et al., 2001; Wu et al., 2001) , and CRK might regulate interactions between Dock180, ELMO, Rac and RhoG (Akakura et al., 2005) .
Dock2
Dock2 is expressed selectively in hematopoietic cells including lymphocytes, dendritic cells and possibly others. By contrast, Dock180 is absent from lymphocytes (Fukui et al., 2001; Hasegawa et al., 1996 , Akakura, 2004 Nishihara et al., 1999) . Studies in knockout mice have demonstrated important roles for Dock2 in lymphocyte development, homing, activation, adhesion, polarization and migration processes (Fukui et al., 2001; Nombela-Arrieta et al., 2004; Sanui et al., 2003a) (reviewed by Reif and Cyster, 2002) . Translocation of the T-cell receptor (TCR) and lipid rafts to the immunological synapse is impaired in Dock2-deficient cells (Nishihara et al., 2002b; Sanui et al., 2003a) . Dock2 associates with the TCR and is required for Rac activation by the receptor. Dock2 also associates with Vav, a DH-type GEF for Rac that plays a critical role in formation of the immunological synapse and Rac activation (Nishihara et al., 2002a) . Interestingly, the HIV-1 protein Nef associates with the Dock2-ELMO1 complex. This leads to Rac activation and inhibition of T-cell chemotaxis (Janardhan et al., 2004) . Migration requires localized Rac activation and cell polarization; Nef could therefore potentially disturb chemotaxis by inducing global Rac activation.
Dock3 and Dock4
Dock3 (also known as MOCA) is expressed predominantly in neurons and resides in growth cones and membrane ruffles (Chen et al., 2005; De Silva et al., 2003; Namekata et al., 2004) . Dock3 overexpression increases morphological complexity and the number of neurites in differentiating PC12 cells, whereas downregulation of the protein has an inhibitory effect (Chen et al., 2005) . This suggests that Dock3 promotes neurite outgrowth. Dock3 expression also increases the level of N-cadherin, leading to cell-cell adhesion (Chen et al., 2005) . Interestingly, mutations in Dock3 may be associated with attention-deficit hyperactivity disorder (ADHD) in humans (De Silva et al., 2003) .
The gene encoding Dock4 was cloned in a screen for genes deleted during tumor progression, and in vitro and in vivo experiments have demonstrated that Dock4 possesses tumor suppressor properties (Yajnik et al., 2003) . Expression of Dock4 also leads to activation of the small GTPase Rap1 and enhanced formation of adherens junctions (Yajnik et al., 2003) . Rap1 activation is required for Dock4-mediated adherens junction formation, which indicates that Rap1 may mediate Dock4 tumor suppressor activity. However, expression of Dock4 in cells also leads to activation of Rac (Lu et al., 2005) . Whether the Dock4 interaction with Rap1 and Rac is direct has not been tested. Given that Dock4 possesses a CZH2 domain (but not a Rap-GEF domain), and given the high sequence homology to Dock3 (54% identity), which acts on Rac, Rac activation by Dock4 is likely to be direct whereas Rap1 activation is probably indirect.
CZH proteins in Saccharomyces cerevisiae, Dictyostelium and plants
The S. cerevisiae YLR422W gene encodes a CZH protein, and mutations in YLR422W may affect filamentous growth. Importantly, the CZH2 domain of YLR422wp can bind to human Rac (Brugnera et al., 2002) , which suggests that the function of the domain as a GEF for Rho proteins is conserved in yeast.
Dictyostelium possesses at least eight CZH proteins. Several of these, like Dictyostelium Rho proteins, are noticeably divergent from one another (Rivero et al., 2001; Rivero and Somesh, 2002) (Table 2, Figs 1 and 2) . The different Dictyostelium CZH proteins might therefore correspond to distinct subgroups of Rho proteins. Dd zizA and Dd zizB appear to be involved in Dictyostelium development processes but not in chemotaxis towards cAMP (S.M. and R. Firtel, unpublished) .
Green plants have Rho proteins distinct from those of other kingdoms (termed ROPs or Aracs), and these constitute a separate phylogenetic group (reviewed by Valster et al., 2000; Vernoud et al., 2003; Yang, 2002) . Interestingly, there are no DH proteins in Arabidopsis, and the question of whether ROPs utilize GEFs, and if so which, has remained open (Valster et al., 2000) . Arabidopsis encodes a single CZH protein, SPIKE1, that was reported recently to act as ROPs-GEF (Basu et al., 2005) . Interestingly, SPIKE1 was cloned in a screen for genes controlling cytoskeletal organization, and mutations in SPIKE1 impair localized lateral microtubule clustering and polarized growth (Qiu et al., 2002) . Furthermore, yet another group of ROP-GEFs has been discovered (Berken et al., 2005) -it is present exclusively in plants and uses a novel GEF domain that is unrelated to DH, CZH2 or the SopE GEF domains.
Concluding remarks
Studies conducted in recent years have established CZH proteins as non-conventional Rho-GEFs. The mechanism for nucleotide exchange by CZH proteins, and the differences between the Dock180-related and zizimin-related proteins are not known. We hope that structural studies will shed some light on this issue. Whether ELMO is required for GEF activity in all cellular situations is another open question. Although a few biological roles of some of these GEFs have been revealed, much more is missing. Four of the eleven mammalian CZH proteins are not fully cloned, and the roles of most of the cloned members are not known. Data from CZH protein knockouts and knockdown experiments will probably address this issue in the coming years. The direct and indirect upstream regulators of CZH proteins and the downstream mediators of their GTPases are also mostly elusive. The CZH proteins studied so far activate Rac or Cdc42, and regulate actin polymerization. Could they also participate in non-actindependent roles of these GTPases? And do any CZH proteins act on Rho itself or other Rho-family GTPases?
DH-domain-containing proteins outnumber CZH proteins by 3-6-fold . It is unclear why there are two classes of GEF and why the DH protein family expanded more over evolutionary time than did the CZH protein family. The information gathered so far suggests that principles of regulation of Dbl proteins, such as autoinhibition of GEF activity, formation of complexes with signaling proteins, and translocation within cellular compartments to induce activation, also apply to CZH proteins. Detailed kinetic studies with fulllength proteins might reveal significant differences in the exchange mechanisms of DH and CZH proteins. Note also that DH-domain-containing proteins are much more versatile in their domain compositions (Schmidt and Hall, 2002) . This may have provided an advantage that hooked them into different signaling pathways and contributed to their expansion.
